The shoot apical meristem (SAM) is a small group of dividing cells that generate all of the aerial parts of the plant. With the goal of providing a framework for the analysis of Arabidopsis meristems at the cellular level, we performed a detailed morphometric study of actively growing inflorescence apices of the Landsberg erecta and Wassilewskija ecotypes. For this purpose, cell size, spatial distribution of mitotic cells, and the mitotic index were determined in a series of optical sections made with a confocal laser scanning microscope. The results allowed us to identify zones within the inflorescence SAM with different cell proliferation rates. In particular, we were able to define a central area that was four to six cells wide and had a low mitotic index. We used this technique to compare the meristem of the wild type with the enlarged meristems of two mutants, clavata3-1 ( clv3-1 ) and mgoun2 ( mgo2 ). One of the proposed functions of the CLV genes is to limit cell division rates in the center of the meristem. Our data allowed us to reject this hypothesis, because the mitotic index was reduced in the inflorescence meristem of the clv3-1 mutant. We also observed a large zone of slowly dividing cells in meristems of clv3-1 seedlings. This zone was not detectable in the wild type. These results suggest that the central area is increased in size in the mutant meristem, which is in line with the hypothesis that the CLV3 gene is necessary for the transition of cells from the central to the peripheral zone. Genetic and microscopic analyses suggest that mgo2 is impaired in the production of primordia, and we previously proposed that the increased size of the mgo2 meristem could be due to an accumulation of cells at the periphery. Our morphometric analysis showed that mgo2 meristems, in contrast to those of clv3-1 , have an enlarged periphery with high cell proliferation rates. This confirms that clv3-1 and mgo2 lead to meristem overgrowth by affecting different aspects of meristem function.
INTRODUCTION
Shoot apical meristems (SAMs) are small groups of dividing cells that initiate all of the aerial parts of the plant. According to a widely accepted model, SAMs are composed of functionally distinct zones (see, e.g., Steeves and Sussex, 1989; Medford, 1992; Clark, 1997; Kerstetter and Hake, 1997) . In spermatophytes, the cells at the summit of the SAM, which form the central zone, are thought to function as a source of cells for the peripheral zone, where organ primordia are initiated, and for the underlying rib zone, which gives rise to the pith of the stem. Superimposed on this organization into zones is a partitioning into layers. In dicots, three layers can be distinguished, and they are called L1, L2, and L3. Cell lineage studies have shown that a great majority of the cells derived from the meristematic L1 layer form the epidermis, whereas L2 and L3 provide cells for the inner parts of the organs (Satina et al., 1940; reviewed in Steeves and Sussex, 1989) .
Recently, genetic analysis with different model species has led to the identification of a number of genes involved in meristem function. In Arabidopsis, the SHOOT MERISTEM-LESS ( STM ) gene, a member of the KNOTTED homeobox family, is necessary for setting up and maintaining the SAM (Barton and Poethig, 1993; Endrizzi et al., 1996; Long et al., 1996) , whereas the receptor kinase CLAVATA1 (CLV1) is necessary for limiting meristem size (Clark et al., 1993 . A range of other mutations leading to abnormal meristem size has been described. For instance, in wuschel , cell proliferation within the meristem appears to be reduced, whereas fasciata and mgoun ( mgo ), like clv , show meristem overgrowth (Leyser and Furner, 1992; Laux et al., 1996; Laufs et al., 1998b) . Although the macroscopic modifications observed in these and other mutants have been well characterized, it is often not obvious how the mutations affect development at the cellular level. For instance, one of the proposed functions for the CLV1 and CLV3 genes is the limitation of cell division rates in the central zone (Clark et al., 1993 (Clark et al., , 1995 (Clark et al., , 1996 Laux and Schoof, 1997) , and more or less direct roles in the coordination of cell division have been proposed for a range of genes (Meyerowitz, 1997; Traas and Laufs, 1998) . However, there are no detailed studies describing the spatial and temporal distribution of cell division and expansion in any mutant. Indeed, at present, no refined description of the proliferation and growth characteristics of the meristematic cells in the widely used model plant Arabidopsis has been reported.
To define a frame of reference for future work on the control of cell proliferation and growth in the meristem, we have quantified cell size and mitotic activity in the young inflorescence meristem of Arabidopsis by using confocal laser scanning microscopy and image analysis. Together, our results lead to a cellular model of this meristem. We have used this model to analyze division patterns in two mutants showing meristem overgrowth. They are clv3-1 and mgo2.
RESULTS

Wild-Type Inflorescence Meristems
As described previously (Smyth et al., 1990) , the Arabidopsis inflorescence meristem produces floral primordia at its flank in regular, spiral, clockwise ( Figure 1A ), or counterclockwise patterns ( Figure 1B ). The cellular parameters of the meristem were determined on transverse and longitudinal optical sections of the apical dome ( Figures 1C, 1D , and 2A to 2H). The zone analyzed extended from the top of the meristem to the meristem base, which was defined as the level at which the third visible primordium (P3) joins the meristem (Figures 1A, 1B, 1E, and 2G; see also Methods) . This primordium was at stage 2, as defined by Smyth et al. (1990) . A total of 55 Wassilewskija (WS) and 53 Landsberg erecta (L er ) apices were optically sectioned and analyzed. Note that the apices were growing rapidly because they were harvested when the most developed flower bud had just opened (stage 13, as defined by Smyth et al., 1990) . Figures 1A and 1B show that the three-dimensional information obtained with the confocal laser scanning microscope correctly reflects the living structure.
The diameter and height of the meristems were measured using transverse serial sections. In WS, the base of the meristematic dome had a mean diameter of 61.8 Ϯ 1.2 m (mean Ϯ SE ; n ϭ 50), whereas in L er , meristems were found to be wider, with a mean diameter of 69.5 Ϯ 0.9 m ( n ϭ 49; see Table 1 ). The mean height of the WS meristems was 19.3 Ϯ 0.8 m, which is slightly more than the 15.0 Ϯ 0.5 m found for L er. This shows that under our conditions, meristems in L er are flatter and wider than they are in WS.
The morphology of 12 meristems of each ecotype was more precisely analyzed by determining the height of the meristem in four directions (see Methods and Figure 2I ). In the two ecotypes, no significant differences were found in meristem shape along the four radii defined in Figure 2I . Therefore, we considered the meristems to be symmetric dome-shaped structures. Meristem height at different distances from the central axis is represented in Figure 3 . The meristem shape was also directly determined on longitudinal sections ( Figure 1C) , which confirmed the shape found by reconstructions of serial transverse sections (Figure 3 ).
Cell Size and Cell Number in the Inflorescence Meristem
As shown in Figures 1 and 2 , the L1, L2, and L3 layers could be clearly distinguished. Based on the partitioning into layers and the four concentric zones defined in Methods and Figure 2I , the meristem was divided into seven subdomains (Figure 4 , A to G). The distance between the nuclei, which is a direct measure for cell size, was determined in each zone (Table 1) . The results point to a number of minor differences and similarities between the two ecotypes. Cell size increased from the outer layer to the inner parts of the meristem. This difference in cell size was visible on the longitudinal and transverse sections (see, e.g., Figures 1C, 1D , and 2G). In both ecotypes, cell size was uniform throughout L1, and no central zone or peripheral zone distinction could be made based on this criterion. L3 cells were larger than L1 cells in both L er and WS. The meristem shape curve (Figure 3 ) was used for calculating the area of the meristem surface. By using the mean L1 surface/cell ratio, we found that in both ecotypes, the outer L1 layer of the average meristem is composed of ‫ف‬ 150 cells (Table 1) .
Mitotic Index in the Inflorescence Meristem
The number of mitoses in individual L er meristems varied from three to 17 (mean 9.3 Ϯ 0.6; n ϭ 49); in WS, values between two and 21 were found (mean 9.8 Ϯ 0.6; n ϭ 50). The mitotic index was determined in different subdomains of L1 (Figure 4 , A and D), L2 (E and F), and L3 (subdomain G). For this purpose, the number of cells in interphase and mitosis in each subdomain was counted in at least 30 meristems of each ecotype (Table 2 ). In the central part of the L1 layer (subdomain A), the mitotic index was lower than at the periphery (subdomain D). These differences are significant with P values of 0.7 and 5.6% for L er and WS, respectively. Similarly, the mitotic index in the center of the L2 layer (subdomain E) was lower than in the periphery (subdomain F). P values were 11 and 10% for L er and WS, respectively. Although not all of these differences are significant at the level of 5%, these results suggest that in the L1 and L2 layers, an inner zone characterized by reduced mitotic activity can be defined. The mitotic index in L3 subdomain G was found to be similar to the one found in central L2 subdomain E.
Floral Primordia
Cell size and mitotic index were measured in the outer layer of young flora P3 and P4 meristems (which were at stage 2, as defined by Smyth et al., 1990 ; Tables 1 and 2) . No significant differences were found between P3 and P4. Cell size was slightly increased when compared with the cell size in the inflorescence meristem (Table 1 ). The mitotic index was comparable in the primordia from both ecotypes. The values are in the same range as in the periphery of the meristem (subdomain D).
Spatial Distribution of the Mitoses within the L1 Layer of the Inflorescence Meristem
To describe meristem organization more precisely, we analyzed the spatial distribution of the mitoses in the L1 layer. In 50 WS and 49 L er meristems, we found 309 and 402 mitoses, respectively, in the L1 layer. The mean mitotic index throughout the L1 layer was 4.1 Ϯ 0.3% in WS and 5.6 Ϯ 0.4% in L er. The position of every mitotic cell was determined: a line joining the mitotic cell to the meristem axis was drawn and projected onto the meristem base. The position of mitotic cells was determined by two parameters: R , the distance to the meristem axis; and ␣ , the angle between the projected line and a reference axis (see Figure 2J and Methods). The length R was normalized for the meristem radius R 0 . Figures 5A and 5B show the position of each mitotic cell projected onto the meristem base.
The advantage of recording the spatial position of every mitotic cell before a division into areas is that one set of data can be used to compare mitotic rates in a whole range of subdivisions, which can be chosen freely a posteriori. For analyzing the radial distribution of the mitoses, the meristem L1 layer was divided into three to 10 concentric zones, and the mitotic index was determined in each zone. Because all of the subdivisions led to similar results, the subdivision into five concentric zones is shown as an example in Figure 6A . These zones, when projected onto the meristem base, have an equal width of 0.2 R 0 . The number of mitoses in each zone was determined. Based on the surface of each zone and the mean L1 cell size, the cell number in each ring was calculated and used for estimating the mitotic index, which is shown in Figure 6A . The results obtained by using this method were reliable because the values found at the meristem center and border were similar to those found by direct counting (Table 3 , subdomains A and D). In WS and L er , the mitotic index increased from the inner zone to the outer zone of L1. The Hotelling's T2 test (see Mardia et al., 1979) showed that differences among zones 1 to 5 were significant at the 5% level (P values are 0.2% for WS and 3% for L er ).
The spatial distribution of the mitotic indices suggested the presence of two distinct zones. These two zones could correspond to the central and peripheral zones proposed in the meristem organization model. For this reason, we looked for optimal partitioning into two zones. For WS, the optimal division into two concentric zones is obtained when the boundary lies at 0.25 R 0 from the meristem axis. This defined an inner zone of approximately eight cells and an outer zone of ‫041ف‬ cells in the average meristem. The mitotic index in the outer zone was approximately three times higher than in the inner zone ( Figure 6B ). Note that for all partitions with a boundary lying between 0.2 and 0.7 R 0 , the difference between the two local mitotic indices was significant at the 5% level. For Ler, the optimal partitioning into two concentric zones was obtained when the boundary lay at 0.4 R 0 from the meristem axis. The inner and outer zones contained ‫02ف‬ and 130 cells, respectively, and the mitotic index showed a 50% increase in the outer zone ( Figure 6C ). Again the determination of the optimal partitioning was subject to imprecision: for all partitions with a boundary lying between 0.25 and 0.75 R 0 , the difference between the two local mitotic indices was significant at the 5% level. The meristem height at five reference points is shown. This shows that the meristem of Ler is slightly flatter and wider than that of WS. Horizontal bars, standard error for meristem diameter; vertical bars, maximum standard error for meristem height; 12 meristems analyzed.
The angular distribution of mitoses was analyzed. For this purpose, the meristem was divided into three, four, or five sectors, and the mitotic index in each sector was determined. Figures 7A and 7B show the results obtained when the meristem was subdivided into five sectors of 72 Њ. The Hotelling's T2 test showed that the dividing cells were not evenly distributed over the sectors. We tested the hypothesis of a local variation of mitotic activity associated with primordia initiation. For this purpose, two 40Њ sectors were defined that centered on either P0 (position of next incipient primordium) and the sector in which a primordium would develop after P0 (sector P-1; see Figures 7C and 7D ). Note that these sectors are morphologically similar and that there is no sign of primordia development. The mitotic index in the P0 sector was higher than in P-1 ( Figures 7C and 7D ). This difference was significant, with a P value of 1.8 and 0.7% for Ler and WS, respectively, as shown by the Student's t test.
Analysis of clv3-1 and mgo2 Meristems
Inflorescence Meristem Morphology and Cell Size
Meristem sizes of clv3-1 and mgo2 mutants are increased (Clark et al., 1995; Laufs et al., 1998b; Figures 8 and 9) . Flower primordia are initiated at the meristem flanks. In contrast with the wild type, no regular initiation pattern could be recognized in the mutants (Figures 8 and 9 ). In clv3-1 and mgo2, the meristem base was defined as the level at which the first stage 2 flower joins the meristem flank (Figures 8A, 8B, and 9). Meristem shapes of clv3-1 and mgo2 were variable. Most of the early, rapidly growing clv3-1 inflorescence meristems adopted a symmetric dome shape ( Figures 8C  and 8D ). However, oval, single-domed ( Figure 8E ), or fasciated meristems could be distinguished ( Figure 8F ). Like clv3, young mgo2 meristems formed a symmetric dome ( Figures  9A and 9B ). Fasciated meristems were also observed (Figure 9C) . In contrast to those of clv3-1, these meristems were composed of several juxtapositioned units.
To compare the mutants with the wild type, we analyzed only the symmetric, dome-shaped meristems. The morphological and cellular parameters of these clv3-1 and mgo2 meristems are described in Table 3 . The meristems are wider and higher than the corresponding Ler and WS wild- Seven subdomains were defined within the meristem. The L1 layer was subdivided into four concentric subdomains (A to D), which, when projected onto the meristem base, correspond to the four circular domains defined in Figure 2I (each is 0.25 R 0 in width). The L2 cells beneath the subdomain A form the subdomain E. On the meristem base, L2 and L3 cells form, respectively, subdomains F and G. a The total number of cells and the number of mitoses in each subdomain were counted and used for calculating the mitotic index (standard errors appear within parentheses). b Because the number of cells per subdomain was relatively low (sometimes as low as five cells in subdomains A and E), the cells from all of the meristems were pooled. n, number of meristems.
type meristems, respectively. Cell size was measured in seven subdomains, as described for wild-type meristems (Table 3 ). In clv3-1, L1 cells were smaller than in wild-type Ler.
In mgo2, L1 cells are larger than in wild-type WS. In addition, variations in cell size were observed between individual meristems. The mean cell number in the L1 layer was increased in both mutants when compared with the wild type.
Mitosis in L1 and L3 of clv3-1 Inflorescence Meristems
In the L1 layer of 34 symmetric clv3-1 meristems, 420 mitoses were found. The mean mitotic index in this layer was found to be 2.8 Ϯ 0.2%, which is comparable to the value found for the inner zone in Ler. The index in the primordia (4.6%) was comparable to that of the wild type. After recording the position of all mitotic cells, we divided the L1 surface into five concentric zones and calculated the mitotic index in each zone as described for the wild type ( Figure  10A ). The distribution of mitotic cells was not homogeneous, as shown by the Hotelling's T2 test, but no significant differences between the meristem center and periphery were found. As a consequence, it was not possible to divide the L1 layer into two zones with a different mitotic index. The mitotic indices in the four outer clv3-1 zones were significantly different from those of the Ler outer zone value but not from the Ler inner zone defined in Figure 6C . We could not find any significant difference between the inner clv3-1 zone and the inner or outer Ler zone. This is due to the high variability of the mitotic index in the meristem center of clv3-1. Because the CLV1 gene is known to be expressed in the L3 area of the meristem, it is possible that all clv mutants are primarily perturbed in this area. Therefore, we also determined the mitotic index in L3 of the mutant. For this purpose, the percentage of dividing cells was determined in L3 of 32 clv3-1 meristems. In a total population of 3782 cells, we identified 49 mitotic cells. The mean mitotic index calculated from the values of all individual meristems was 1.3 Ϯ 0.2%, which is lower than the values found in wild-type meristems (Table 2) .
Mitotic Index in Vegetative Meristems of clv3-1 and Ler
To confirm the phenotype observed in the inflorescence, we also determined the mitotic index in vegetative meristems of 7-day-old clv3-1 and Ler seedlings. For this purpose, transverse sections of 54 wild-type plants and 50 mutants were analyzed (Table 4) . Vegetative meristems of Ler had a mean width of 53.2 Ϯ 0.43 m and a mean height of 13.3 Ϯ 0.36 m. clv3-1 meristems had a diameter of 81.2 Ϯ 0.6 m and a height of 31.2 Ϯ 0.7 m. Note that here the base of the meristem was defined as the point at which the meristem joins the primordia or young leaves. Wild-type plants tended to have a lower mitotic index (3.2%) in the central part rather than at the periphery (4.8%), but the statistical test did not allow us to conclude that these differences were significant. Therefore, statistically, the wild-type meristem had to be considered as a unit for comparison to the mutant. In clv3-1 mutants, the inner two zones had a significantly lower mitotic index (2.1 and 2.0%) than the two outer zones (4.1 and 5.0%), as shown by Hotelling's T2 test. When compared with the wild type, the mitotic index in the two inner zones of clv3-1 was significantly lower, albeit at a P value of 8%. In contrast, no significant difference was found between the two outer zones of clv3-1 and the wild-type meristem.
On the whole, these data as well as those obtained on the inflorescence meristem show that the enlargement of the clv3-1 meristem is not due to an increased mitotic index. In fact, the observation that the mitotic index remains low in a large part of the mutant meristem is in line with the hypothesis that the central part has increased in size dramatically.
Spatial Distribution of the Mitoses in the L1 Layer of mgo2
In the L1 layer of 38 symmetric mgo2 meristems, 252 mitoses were found. The mean mitotic index in this layer was found to be 3.8 Ϯ 0.3%, which is close to the wild-type value. The method used to calculate the mitotic index in the clv3-1 inflorescence meristem requires a uniform cell size throughout the L1 layer. Because this is not the case in mgo2, we divided L1 into five concentric zones, and the mitotic and total cell numbers in each zone were counted afterward for each individual meristem. The mitotic indices are represented in Figure 10B . The Hotelling's T2 test did not allow us to detect a heterogenicity within the mutant SAM. It must be noted that, as shown in Figure 10B , the standard error was high, especially in the two inner zones. This variability could mask subtle differences within the meristem, which can only be detected by increased sampling. For the statistical analysis, we considered the mgo2 meristem as a unit that was compared, on the whole, with the inner and outer zones of the WS wild type. This showed that mitotic activity in the mutant was comparable to that in the outer zone of the wild type ( Figure 6B , O.Z.).
DISCUSSION
The initiation of organs in specific patterns requires stimulation or inhibition of growth in specific regions within the meristem. To initiate pattern formation, the cells within these areas must be instructed to grow and divide at different rates. How and at what level growth is regulated are still matters for debate. It has been proposed that morphogenesis is controlled at the level of the whole organism and that cell division merely follows local growth rates (e.g., Kaplan and Hagemann, 1991; Hagemann, 1992) . This is opposed to the view that growth is driven by a direct activation of the cellular mechanisms coordinating cell division and growth. Whatever the hierarchical relationship between the basic processes regulating cell morphogenesis and the mechanisms that drive growth of whole organs and multicellular domains, it is obvious that both levels of control are connected to each other (for discussion, see Jacobs, 1997) . The nature of this link is not understood at all, and determining how the basic cellular processes of cell expansion and division are integrated in the growing plant is becoming a central issue in research into plant development.
At this stage, significant progress has been made in two areas. First, a number of genes have been isolated in maize, petunia, Antirrhinum, and Arabidopsis that are thought to coordinate SAM function (reviewed in, e.g., Weigel and Clark, 1996; Laufs et al., 1998a) . Second, our knowledge regarding the basic mechanism of cell proliferation is rapidly increasing because major cell cycle regulators such as cyclins and cyclin-dependent kinases have now been identified, and their expression patterns have been partially characterized in root and shoot meristems (reviewed in Francis et al., 1998) . How are genes such as STM or CLV linked to the basic regulators of cell proliferation? Recently, several attempts were made to address this issue. Meyerowitz (1997) as well as Traas and Laufs (1998) classified a series of mutants in terms of their cell division patterns (see also Clark and Schiefelbein, 1997; Laux and Schoof, 1997; Laufs et al., 1998a) . Although these studies provided an essential first step, they were hampered by our lack of knowledge regarding meristem fine structure in model systems. One can only guess at the effect of certain mutations on cellular behavior. In this context, clv1 and clv3, which show an increased size of the SAM compared with the wild type, provide a typical example. One of the main hypotheses for CLV function proposes that the genes could limit cell proliferation in the meristem. Until now, however, it was not possible to test this because no data regarding cellular proliferation rates were available.
The results presented here allow us to draw a three-dimensional view of the Arabidopsis inflorescence meristem. In both Ler and WS, it can be defined as a flat dome composed of three clearly recognizable layers. In the outer layer, L1, cells are of a relatively uniform size; however, moving toward L3, cell dimensions increase. We found that a subdivision into zones based on differences in L1 cell size was not possible.
We demonstrate that superimposed on this pattern of cell sizes is a pattern of cell proliferation. It appears that the inflorescence SAM contains at least two populations of cells: one located at the summit of the dome and containing slowly dividing cells, and one at the flank and showing a higher mitotic index. This pattern could correspond to the classic division into central and peripheral zones proposed for many other species. Until now, it has not been possible to determine the exact size of these zones in Arabidopsis. Medford et al. (1992) suggested that the central zone could be just one to two cells wide in the vegetative meristem. Vaughan (1955) , using cytohistology, proposed that the central zone is three to five cells wide. Brown et al. (1964) reported 3 H-thymidine incorporation experiments, but the central and peripheral zones could not be defined precisely because of the small number of meristems analyzed. It is of note that none of these estimations were based on quantitative analysis and that some of these studies included the analysis of as few as one plant. Based on the analyses of mitotic index, we found that the optimal division into two zones lies at 0.4 and 0.25 times the radius of the Ler and WS meristems, respectively, which would correspond to central zones with a diameter of on average four and six L1 cells. Other divisions, although less likely, are also possible, and the central part could be as wide as 0.75 times the radius. This imprecision can be explained in several ways. It could be that there is no sharp change in mitotic activity marking the limit of the two zones. This would be comparable to the situation in sunflower meristems, in which a gradual increase in mitotic activity from the center to the border of the central zone was reported (Davis et al., 1979) . It must be kept in mind, however, that in the Arabidopsis meristem, such a gradient would at best stretch over one or two cells. Alternatively, it could be that a sharp boundary between the two zones exists but that the size of the central part varies from meristem to meristem.
We also analyzed the mitotic patterns in the vegetative meristem. Although the results suggest that the cells divide at a slower rate in the center than in other zones, these differences were not found to be significant, probably because of the variability between the meristems. It could be, therefore, that young wild-type meristems do not have a welldefined zone of low mitotic activity. Alternatively, because such a zone might be as small as one cell, it could go undetected by our methods, especially if its position varies slightly from one meristem to another.
The angular distribution of mitoses in relation to the position of primordia was also studied. The mitoses are not distributed evenly over the different sectors. In both wild-type ecotypes, we found a significant local increase associated with the position of P0, the primordium developing during the next plastochron, and low mitotic activity in P-1 (the zone in which no primordia will form within the next two plastochrons, with plastochron being defined as the time separating the initiation of two successive organs). This result shows that an increase in mitotic index precedes or at least accompanies primordium outgrowth.
Precise data on the spatial distribution of mitotic activity are scarce. In pea, a modest increase in the mitotic index has been reported for the zone in which the next leaf primordium will form (Lyndon, 1970) . This rate of cell division is not sufficient to account for the increase in cell number of the developing primordium, suggesting that cells from adjacent zones continue to be recruited by the primordium (Lyndon, 1970) . Therefore, we propose that the relatively high mitotic activity observed in a large part of the L1 layer supports growth of the young developing primordia (P0 to P3).
The usefulness of quantitative, structural analysis is demonstrated by our analysis of the clv3 and mgo2 inflorescence meristems. In clv1 and clv3, the size of the meristem is increased during all phases of development. CLV1 and CLV3 have been proposed to act in the same pathway (Clark et al., 1995) . Two models for CLV1 and CLV3 action have been proposed and discussed extensively in several reviews (Clark et al., 1995 (Clark et al., , 1996 ; for discussion, see Liljegren and Yanofsky, 1996; Clark and Schiefelbein, 1997; Laux and Schoof, 1997; Meyerowitz, 1997; Traas and Laufs, 1998; Laufs et al., 1998a) . In the first model, CLV1 and CLV3 promote the transition of cells from the central to the peripheral zones. In mutants, organ formation occurs at an increased distance from the meristem summit. According to this model, the meristem overgrows because of the accumulation of cells that wait to be recruited by the developing organs. In the second model, CLV genes negatively regulate the proliferation rate of central zone cells. According to this hypothesis, cells accumulate because of an increased cell division rate in the meristem center of the mutants, which leads to an increase in meristem size. The first model would lead to an increased size of the central zone and hence to a reduced mean mitotic index in the whole meristem. In the second scenario, the mitotic index in the central zone and thus in the whole meristem would be increased.
Our analysis of clv3-1 shows that cell division rates throughout the enlarged inflorescence dome of the mutant are reduced when compared with the mean value found in the wild type. The value found in clv3-1 is comparable to the one found in the inner zone of the wild type, suggesting that this area is increased in size in the mutant. Because we sectioned mutant meristems only to the first visible stage 2 primordium, it could be argued that we might have missed a population of more rapidly dividing cells at the periphery. Indeed, our results show that the vegetative meristem of clv3-1 has a large central area with a mitotic index that is lower than that in the periphery. Together, these observations allow us to reject the hypothesis that the phenotype is due to an increased mitotic activity in the central zone. In contrast, the low cell proliferation rate is in line with the idea that in clv3-1, the central zone is increased in size and that CLV3 is involved in promoting the cell transition from the central zone to the peripheral zone.
The production of more organs and hence more cells from an overall reduction of mitotic index appears contradictory at first. This can be explained, however, if we consider the existing model (see Introduction; Steeves and Sussex, 1989) , which supposes two discrete steps in the transition from the central zone to the peripheral zone and finally into the primordium. If the first step is inhibited, then central zone cells accumulate, which indirectly increases the size of the peripheral zone. The extra cells needed for the increase in meristem size can come either from an increased mitotic activity in the periphery or from a reduced incorporation of cells into the primordia and hence a reduction in primordium production. It is therefore possible that initially, primordium production is reduced slightly in the mutant. Such a delay could be difficult to detect because it could occur as early as during embryogenesis. However, because the meristem increases in size continually, the total number of cell divisions increases also, which in turn leads to the production of extra organs.
Our previous genetic and structural analyses indicated that clv3 and mgo2 affect different processes, although both mutations lead to an increase in meristem size. mgo2, in contrast to clv3, produces fewer leaves and flower organs (Laufs et al., 1998b) . Therefore, we proposed that MGO2 is required for proper primordia initiation and may act by stimulating cells to leave the meristem and to be incorporated into the primordia. The quantitative data further support the idea that mgo2 and clv3 lead to an increase in meristem size via different pathways. We found that in mgo2 meristems, the mean mitotic activity is comparable to the one found in the periphery of the wild type. Therefore, in contrast to that of clv3-1, the population of slowly dividing cells is not increased in mgo2, but rather, the mutant appears to have an enlarged outer zone. These results are in agreement with the proposed role of MGO2 (Laufs et al., 1998b) .
METHODS
Plant Strains and Growth Conditions
Wild-type Arabidopsis thaliana lines (ecotypes Wassilewskija [WS] and Landsberg erecta [Ler] ) were generously provided by the Arabidopsis Biological Resource Center (Ohio State University, Columbus), and clavata3-1 (clv3-1; Ler background) was obtained from S. Clark (University of Michigan, Ann Arbor). Wild-type, clv3-1, and mgoun2 (mgo2; WS background; Laufs et al., 1998b) plants were grown in soil in a greenhouse under regulated conditions. Temperature variations were relatively constant: the minimum night temperature was 16.3 Ϯ 0.7ЊC (mean value ϮSD), and the maximum day temperature was 26.6 Ϯ 1.8ЊC. Apices of the main inflorescence stem were harvested when the most developed flower bud was at stage 13 (as defined by Smyth et al., 1990) , that is, when it had just opened. All inflorescences used in this study were harvested on the same day between 10 and 11 AM.
Confocal Laser Scanning Microscopy
Apices were fixed and stained with propidium iodide to visualize DNA, as described by Clark et al. (1995) . The presence of the strongly stained flower buds obscured the shoot apical inflorescence meristem. Therefore, the more mature flower buds were removed under the dissecting microscope. The inflorescence was then vertically mounted in a drop of low melting point agarose (0.8% in water) and viewed directly in a Leica TCSNT confocal laser scanning microscope (Leica, Heidelberg, Germany) equipped with an argon/krypton laser (Omnichrome, Chino, CA). To visualize the propidium iodide, we used a BP568 band pass filter for excitation in combination with a long pass filter (LP590). All inflorescences were first scanned at a low magnification (ϫ16 objective, electronic zoom ϫ1.5). Series of 25 to 35 optical sections made at 3-m intervals were projected as a stereo pair to check the proper orientation of each sample. If required, the apices were reoriented using glass needles to align the longitudinal axis of the inflorescence as closely as possible to the vertical position. Subsequently, optical sections at 2-m intervals and a pinhole of 75 m were made using a ϫ40 lens, combined with an electronic zoom of ϫ2 and a resolution of 512 ϫ 512 pixels.
Each inflorescence shoot apical meristem (SAM) was optically sectioned from the top down to the groove that separates the third visible primordium (P3, which in all meristems was at stage 2; Smyth et al., 1990 ) from the meristem (Figures 1 and 2 ). This level was arbitrarily termed the meristem "base," and the section through the base was termed the "last" section of a series ( Figure 1E ). clv3-1 and mgo2 meristems do not show an obvious phyllotaxy, and flora meristems are not produced in a classic spiral pattern. Therefore, clv3-1 and mgo2 apices were sectioned down to the groove that separates the first stage 2 primordium from the meristem. This level was termed the base of the meristems.
Vegetative meristems were fixed and stained in propidium iodide, as described above. Subsequently, they were mounted horizontally between slide and coverslip and sectioned longitudinally using confocal scanning microscopy.
Morphometric Analysis
All images were analyzed with Optimas 5.2 (Optimas Corporation, Bothell, WA) software. For every inflorescence meristem, a circle enclosing the meristem base was drawn on the last section. Subsequently, a radius between the center of this circle and the point at which P3 joins the meristem was drawn on the same basal section.
This circle was used as a reference for further work and termed C1 with radius R 0 . The center of this circle was defined as the center of the meristem base. From this center, a vertical line through the meristem summit defines the meristem axis ( Figure 1E ).
For the analysis of vegetative meristems, only the six median longitudinal sections were taken. The meristems were subsequently divided into four "concentric" zones.
Meristem Size and Shape
Meristem height was determined by multiplying the total number of sections by the distance between them (2 m). Meristem width was determined by measuring the length of R 0 . To determine meristem shape, three additional circles (C2, C3, and C4) with the same center as C1 and radii of 0.75, 0.5, and 0.25 R 0 were drawn. In addition, two perpendicular diameters were drawn on C1 (see Figure 2I) . The intersections between these diameters and the four circles defined 16 reference points. Meristem height was determined at each of these reference points. Alternatively, meristem shape was determined by examining longitudinal optical sections.
Cell Size
Cell size was determined by measuring the mean distance between the nuclei in each of the seven meristem subdomains described in Figure 3 .
Mitotic Index
The numbers of interphase and mitotic (from late prophase to early cytokinesis) cells were counted in at least 30 inflorescence meristems, in the subdomains described in Figure 3 . For all mitotic indices, standard errors were calculated according to the standard approximation formula as given, for example, in Cochran (1977) . For vegetative meristems, only cells of the six median longitudinal sections were counted in every zone. The total number of cells and number of mitoses in each subdomain were counted and used for calculating the mitotic index (standard errors appear within parentheses). b The meristem diameter for Ler is 53.1 m (0.9), and the meristem height is 13.3 m (0.4). c The meristem diameter for clv3-1 is 81.6 m (1.3), and the meristem height is 31.2 m (0.7). d n, number of meristems. For each meristem, six median longitudinal sections were analyzed.
Spatial Distribution of Mitoses in L1 of Inflorescence Meristems
To determine the spatial distribution of mitotic activity in L1, the position of every mitotic cell was recorded in the wild-type and clv3-1 meristems. For this purpose, a line from the meristem axis to every mitotic cell in each section was drawn and projected onto the basal section. The position of these mitoses was determined by measuring the length of the projected line R and the angle ␣ between the R and the reference R 0 . Thus, every mitosis was characterized by two coordinates: the angle ␣ and the distance R. As in many other species, the Arabidopsis meristem can initiate successive organs in either a clockwise ([ϩ] meristem) or counterclockwise ([Ϫ] meristem) spiral.
To make a direct comparison between these two possible types of meristems, we directly converted the values obtained for (Ϫ) meristems into the equivalent (ϩ) meristem values. For each meristem, the L1 layer was divided into five concentric zones. The first zone lies Ͻ0.2 R 0 from the meristem axis. The second zone lies between 0.2 and 0.4 R 0 from the meristem axis, and so on. The average number of mitoses in each zone was determined from the data described above. Furthermore, the mean surface area of each zone was calculated using the curves shown in Figure 3 . From the mean surface areas and the mean total number of cells in L1, the mean cell numbers were obtained for each zone. Thus, by dividing the average number of mitoses by the mean number of cells, the average local mitotic indices were obtained for each zone.
Different divisions of the L1 layer into two concentric zones were also investigated. The boundary between the two zones was chosen at 0.05 R 0 intervals from 0.1 to 0.9 R 0 from the meristem axis. For each division into two zones, the homogeneity was tested using the T2 procedure. The optimal division was defined as the division for which the difference between the two mean local mitotic indices is the most significant.
Because L1 cell size in the mgo2 mutant is variable, mitotic cell distribution could not be analyzed as given. The L1 surface was divided into five concentric zones, and the mitotic and total cell numbers in each zone were counted for each individual meristem.
The homogeneity hypothesis that "the mean local mitotic indices are equal" was tested using the Hotelling's T2 procedure (see, e.g., Mardia et al., 1979) .
